Introduction
Distinct wavelengths of light have been known to have various biological effects on humans. Ultraviolet-B radiation promotes vitamin D synthesis and visible light has important effects on circadian rhythm entrainment and alertness. For more than three thousand years, sunlight has been used as a medical treatment for a variety of diseases by the ancient Egyptians, Indian Ayurveda and traditional Chinese medicine, but it is only since the invention of the electric light in the latter part of the 19th century, that an alternative has emerged.
Since the beginning of the 21st century, over 2000 PubMedindexed scientific articles have also been published focusing on the various physiological effects of red light and near-infrared radiation. These wavelengths of light have been shown to penetrate through human tissues and to locally (and possibly systemically) affect cellular metabolism, cellular signaling, inflammatory processes and growth factor production.
This treatment is nowadays called "photobiomodulation therapy" (PBM), but it has also had more than 60 other names in the scientific literature; "low-level laser therapy" (LLLT) has been the most commonly used term. The reasons to prefer the use of "PBM" over "LLLT" are twofold. 1 Firstly PBM does not imply that a laser is necessary for the therapeutic benefits to occur. Secondly PBM implies that the therapeutic effects could in some circumstances be due to inhibition effects, as well as to the more usual stimulation effects. Table 1 illustrates various medical conditions (or their animal models), for which PBM has already been investigated, in animals and/or clinical human studies. These indications include a multitude of diseases of brain, bone, eyes, internal organs, connective tissue, skin and muscles. Most of the published results have been positive. More than 40 clinical studies are currently underway based on information currently available in the ClinicalTrials.gov database.
Mechanisms of photobiomodulation
It has been shown that many cellular molecules are able to absorb various wavelengths of light. In photobiomodulation with visible red light and near-infrared radiation, evidence suggests that the primary cellular photoacceptors are the copper centers of cytochrome c oxidase (CCO), a complex protein functioning as unit IV in the mitochondrial electron transport chain. 2, 3 It appears that specific wavelength ranges of red light and near-infrared radiation can be utilized to promote electron transport, based on a multitude of findings showing increased mitochondrial membrane potential, oxygen consumption and ATP levels after irradiation. There is also some preliminary evidence suggesting that some other wavelengths can be used to inhibit electron transport, which could be useful in the treatment of ischemia-reperfusion damage. 4 The physiological effects of longer wavelengths than 900 nm might, on the other hand, depend on transient receptor potential (TRP) calcium channels. 5 Photobiomodulationlike effects have also been observed with blue and green light, and it is hypothesized that these effects might also be mediated by calcium channels. 6 While plenty of basic research on photobiomodulation has already been published, there is a lot of room for additional experiments examining the exact molecular mechanisms of light-cell-interactions. The initial interaction between light and cellular photoacceptors (called a "primary photoreceptor mechanism") is followed by the activation of multiple secondary mediators. These eventually lead to broad shifts in gene expression, cell signaling, cellular metabolism and cytokine secretion. These effects been described in numerous review articles in the literature. 7, 8 While medical treatments are often able treat only locationspecific diseases, the observed effects of PBM on more than a hundred different treatment indications might be related to its observed mitochondrial effects. Since majority of aging-related chronic diseases have been linked to dysfunctional mitochondria and oxidative stress, it seems plausible that improving the mitochondrial function and antioxidant defenses could also alleviate these diseases. 9, 10 Since many chronic diseases share common metabolic causes, systemic treatment methods that alter metabolism could alleviate ailments of many different body parts. The effects of PBM could possibly be compared with the mitochondrial-boosting and health-supporting effects of supplements, such as nicotinamide riboside (NR), an NAD + precursor. NR has been shown to protect against animal models of metabolic syndrome, liver disease, stroke, Alzheimer's disease, heart failure and myopathy. 11 Early PBM studies also showed comparable effects between red light and a chemical called methylene blue, which has also been shown to improve mitochondrial respiration and simultaneusly protect animals from a remarkably wide range of chronic diseases.
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3. Lasers and light-emitting diodes (LEDs) in photobiomodulation
Lasers
Laser is an acronym for "light amplification by stimulated emission of radiation". Lasers are light sources that utilize the physical phenomenon of stimulated emission to create a monochromatic and coherent beam of light of low divergence. The first working laser was invented in 1960 by Theodore Maiman 14 who was the first past the finishing post in an epic race that came to be called "The race to make the laser". 15 The basic mechanims of action of a laser is shown in Fig. 1 . It relies on pumping the electrons of a "laser gain medium" E 1 to an excited state E 2 using light, electricity or a chemical reaction as the energy source. Once a majority of electrons are in the excited state ( population inversion) an incoming photon E photon will lead to stimulated emission of a torrent of new photons (coherent and polarized) and the light will be amplified (Fig. 1A) . Mirrors placed at either end of the laser cavity allow the light to bounce back and forth while pumping continues leading to significant amplification. One of the mirrors is only partly reflective to allow the laser beam to escape from the cavity (Fig. 1B) .
Modern photobiomodulation literature is founded on the basis of original findings by Endre Mester, a physician from Hungary, who published a report describing hair-growing effects in mice treated with ruby laser (694 nm) in the late 1960s. 16 After that, he supplemented these findings by clinical reports suggesting that red laser light could improve the healing of various ulcers in humans. 17 These initial observations soon led to additional scientific studies investigating the effects of red and near-infrared wavelengths of laser light in the treatment of a huge variety of chronic diseases. The Soviet Union was a pioneering country by conducting early research with helium-neon (He-Ne laser) in the 1960s and 1970s. Tiina Karu working in Troitsk in Russia published over 100 papers in this field (https://www. isan.troitsk.ru/dls/karu.htm). By the end of 1980s, many research groups around the world (e.g. USA, Japan, Sweden, Israel, Italy) had already started their photobiomodulation research projects. Nowadays PBM has been studied in approximately 40 different countries. 18, 19 To this day, more than 3500 scientific articles on photobiomodulation have been published. Approximately 85-90% of the original research has utilized lasers as light sources. Practically all of the photobiomodulation research before the 21th century was based on lasers.
This laser-centered history of photobiomodulation has been the reason for the assumption that the beneficial physiological effects of red and near-infrared light are somehow dependent of the "laser properties" of light, such as monochromaticity, coherence, collimation or polarization. According to current knowledge, this is certainly debatable and probably not true, and will be critically discussed in this review.
LEDs
Light-emitting diodes (LEDs) are light sources based on the phenomenon of electroluminescence of semiconductor materials, most often InGaN (60%) and AlInGaP (38%). 20 The 21 A few decades later, electroluminescence properties of other semiconductors were studied especially in the United States, which eventually led to the invention of orange, yellow and green LEDs in the 1960s and 1970s. Since then, LED technology has undergone many improvements, and LEDs represent a growing portion of the sales of indoor, and even outdoor lighting. Nowadays one of the most important challenges in the industry is to improve the luminous efficacy of LEDs. 22 It should be noted that the basic principle of operation is the same in LEDs and diode lasers, and is termed the PIN semiconductor diode (Fig. 2 ). An electric potential applied to the semiconductor causes separation of electrons in the N (negative)-section and holes in the P ( positive)-section. When the electrons and holes recombine in the I (intrinsic)-section, light is produced whose wavelength depends on the energy of the electrons. In order to produce a laser diode a waveguide is applied to the outside of the PIN diode which acts in the same way as the mirrors in the traditional laser cavity.
Unlike incandescent and halogen lamps, which are based on electrical resistive heating and subsequent thermal radiation including both visible wavelengths and infrared radiation, LED light emission is based on non-thermal emission of light.
An important difference between laser light and LED light (in addition to coherence discussed below) is the bandwidth. Lasers can have a very narrow bandwidth; for instance in gas lasers it can be a fraction of a nanometer, while in diode lasers the bandwidth is typically 1-2 nm.
Photobiomodulation by light-emitting diodes is a relatively new phenomenon. With the exception of a few papers published towards the end of the 20th century, LED-LLLT (or LED-PBM) has started appearing regularly in the literature only since 2001. In these early years, some of the basic research with LEDs was conducted by Harry Whelan's group located in WisconsinMilwaukee. 23 Because the development of these LEDs was funded by the US National Aeronautic and Space Administration (NASA) as a light source for plant growth experiments in space, they were often referred to as NASA LEDs. 24 Nowadays the use of LEDs in photobiomodulation and other healthcare applications has been quite well established and their efficacy has been demonstrated in many reports. 25 LEDs are much cheaper than laser devices on average. As a rule of thumb, the cost per mW of optical power is approximately one hundred times lower for LEDs compared to lasers. In the past, laser light sources were predominantly marketed to clinicians, who could cover the high costs of their devices by treating a large number of patients. However, during the recent years, patients themselves or even healthy individuals, have been able to buy their own LED devices for personal use at home. Various LED-based quasimonochromatic in-home devices are nowadays widely available, and the prices appear to be steadily falling due to increasing demand and competition between companies.
One of the most important factors hindering the acceptance of PBM/LLLT in the healthcare is cost-effectiveness. In addition to the high device prices, additional costs come when the therapeutic session is carried out by healthcare practitioners such as physical therapists, chiropractors, nurses or physicians. Only in few cases is this cost-effective when the lasers are used. 26 In this sense, the adoption of LED lights into PBM/LLLT treatment practices could support the wider acceptance of PBM/LLLT by the medical community. Also, multiple LEDs can be arranged into planar arrays. This increases the beam area significantly, making it easier to treat large body areas, which has been a limitation of lasers that typically have tiny to small spot sizes. The only limit on the power output of a LED array is caused by the need to remove heat from the actual diodes. Since the typical LED is only 20-30% efficient in converting electrical energy to light energy, this means that heat is generated and excessive heat can lead to degradation of the semiconductior material and reduction in its lifetime. Moreover if the LED array is designed to be used in contact with the tissue, it cannot be allowed to get too hot. Heat is removed by heat-sinks (heat conducting metal substrates) or in some cases by incorporation of a small fan to cool the diodes.
Flexible wearable LED arrays are becoming available for use as bandages (to be wrapped around joints for instance). There is a flexible LED belt designed to be wrapped around the abdominal area for fat reduction. Light emitting clothing might become a future way to apply light. 27 Therapeutic lasers have been integrated into caps, helmets, and hair combs for stimulation of hair regrowth. 28 With LEDs, the same applications would cost less to the customers. However the laser hair growth industry has so far remained committed to lasers at the expense of LEDs, and several manufacturers maintain that red lasers (∼650 nm) are the best light source to stimulate the hair follicle and its progenitor cells.
What the research literature says about laser vs. non-coherent light?
There are several properties of lasers that proponents claim may be reasons why laser light is superior to LED light for PBM. The most often discussed property is that of coherence. Laser devices generate coherent light with various coherence lengths depending on the band-width of the specific laser. Coherence lengths of lasers can range from many meters for the He-Ne laser to only a few mm for diode lasers. When coherent laser light interacts with tissue, small imperfections in the tissue structure lead to different phases occurring in the individual wavefronts leading to mutual interference patterns. These interference patterns are called "laser speckles" and the size of the speckles is related to the wavelength of the light. In the visible range speckles are less than 1 micron in diameter. Subcellular organelles (such as mitochondria) have dimensions of this order and one theory proposes that the laser speckles are better able to stimulate mitochondria than noncoherent LED light [29] [30] [31] as illustrated in Fig. 3 .
Another very common assertion is that lasers penetrate deeper than LEDs. The so-called "superpulsed" galliumarsenide laser at 905 nm emits light with a pulse duration of around 100-200 ns. The pulse frequency can be varied from 25 Hz to 5000 Hz. The typical average power is 60 mW and the peak power is therefore about 20 W. The depth into tissue at which a threshold power density is obtained, is directly related to the power density at the surface, and this means that manufacturers claim deeper penetration. However it is usually not mentioned that the actual amount of energy that penetrates to a depth is only a fraction since the pulses are only "on" a small fraction of the time. Another way to generate pulsed laser light is simply to "chop" the beam, i.e. turn the laser on and off. A review paper 32 examined the effect of pulsing in PBM and concluded "There is some evidence that pulsed light does have effects that are different from those of continuous wave light. However further work is needed to define these effects for different disease conditions and pulse structures". There is also an argument that a collimated laser beam is more likely to be forward scattered in tissue than a divergent LED beam.
In some published editorials and review articles, it has been emphasized that photobiomodulation is a "photobiological phenomenon" and coherence is not necessarily needed. 31, [33] [34] [35] Some old laboratory studies with cell cultures also have concluded that coherence is not needed for photobiological effects of red light 36, 37 Following the understanding that the photobiological effects of red and near-infrared light do not apply solely to laser light, some authors have started renaming the "LLLT" from low-level laser therapy to low-level light therapy. 65 "Renewed interest in the effects of visible light action on biological objects occurred in the sixties after appearance of the first lasers, particularly the He-Ne laser. The He-Ne laser was the first widely accessible source of coherent light. No wonder that the stimulating effect of light, red in particular, was rediscovered with the use of the coherent light source Recent literature suggest experiments on the action of incoherent light on biological objects performed in the twenties and the thirties [6] [7] [8] were either forgotten or were not known. So, the observed effects were attributed to a unique property of the He-Ne laser light, coherence of its radiation. Actually there were no physical grounds for such a conclusion 2 " Devor (1990) 66 "If a red flashlight with mystical labels is as effective as a $10 000 laser instrument, who wins when the laser is purchased?" Ohshiro (1990) 67 "'Laser is important/laser is not important/polarization is important/wavelength is important' are also very common arguments heard at congresses and in papers: however, they are basics, and are fundamental to the correct understanding of what LLLT is or is not. Perhaps 'Low reactive-Level Laser Therapy' will become 'Low reactive-Level Light Therapy', fortunately they will share the same acronym!" Laakso (1993) 35 "Whether the effects gained by laser could be obtained as easily by cheaper (near-monochromatic) light emitting sources is yet to be fully established. The weight of research evidence to date indicates that there are few convincing arguments for the use of true laser. Photostimulation occurs using both true laser light and nearmonochromatic but non-coherent, non-collimated light. On this basis, it seems unnecessary for the clinician to spend large sums of money on laser apparatus when simpler and inexpensive light sources may suffice" Karu (1999) 2 "Conventional light sources generating the appropriate wavelength can also be used (…) Laser sources are just handy tools providing many practical advantages (e.g., efficient fiber-optic coupling to irradiate interior body parts, high monochromaticity and easy wavelength tunability), simplicity of use and electrical safety in the case of semiconductor lasers"
Hode & Tunér (2000) 41 "Till today, there is no study showing that LEDT is better than LLLT; and there is no study showing that LEDT is as good as LLLT"
Smith (2005) 31 "More and more papers are appearing in the therapy literature using non-coherent light sources such as LEDs. In general, they are less expensive than lasers, and as discussed above, in phototherapy it is the wavelength of the light that is important, not the coherence or lack of same" Enwemeka (2005) 34 "Coherence may influence light distribution in tissue, and it can be demonstrated that lasers produce light speckles or pockets of intense light within tissues; noncoherent monochromatic and polychromatic lights do not. 7 However, this physical difference has not been shown to produce any additional benefits in favor of treatment with lasers" Hashmi (2010) 32 "In recent years, the development of light-emitting diodes (LEDs) as alternative light sources for LLLT has added to the confusion. These devices produce light with wavelengths similar to those of lasers, but they have broader output peaks (i.e., they are less monochromatic) and lack the coherence that is a particular feature of laser light. LEDs have the advantage of being significantly less expensive than laser diodes (by a factor of approximately 100 on a milliwatt basis), and the LLLT community is engaged in a vigorous ongoing debate about their respective benefits" Smith (2010) 68 "Phototherapy, whether using low intensity radiation of the proper wavelength from a laser, an LED, or a filtered incandescent lamp, can be beneficial in a number of clinical situations, from pain remission to wound healing" Moskvin (2017) 40 "[All] studies, in which the comparison is carried out correctly and close parameters of the impact and the model are used, have a firm conclusion that laser light is much more effective. (…) [It] is uniquely identified that the most important parameter that determines the efficiency of lasers is monochromaticity, i.e., a much narrower spectral width than for all other light sources. Only laser light sources can be used for LLLT!" Brochetti et al. (2017) 69 "Laser is characterized by coherence while LED is non-coherent. However, the coherence of laser light is not responsible for the effects of therapy, because this property is lost in the first layers of biological tissues. [5] [6] [7] Thus, despite of the light emission of laser to be different from LED, we admit based on the literature that the effects of both are similar"
Henderson and Morries (2017) 70 "These milliwatt LED things-that yahoos here in town and elsewhere say they're using to treat traumatic brain injury-don't even get through the skin", he declares. "Overall, LED therapy appears to be similarly effective as laser therapy for superficial tissue, but for transcranial brain PBM, comparisons between these sources seem to be in favor of lasers for deeper penetration. On the other hand, LED arrays are less expensive and can irradiate much larger surface areas of tissue (particularly use-ful for the head, e.g., frontal region)" However, other authors have still continued to insist that coherence is still important, making even bold statements that "[w]henever compared, coherent light has so far demonstrated better results than non-coherent light", however softening these statements by admitting that "[t]he superiority of coherent light is shown to be relevant only for bulk tissue" and that "[t]he painrelieving and healing effect in superficial wounds may be good also for both coherent and non-coherent polarized light".
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In the most extreme end, supporters of laser sources have used statements such as "would you take a knife to a gunfightwould you use LEDs instead of a laser", claiming that the effectiveness of LED-based photobiomodulation is negligible compared to lasers. Our counter-word to that kind of argument would be that PBM is not about fights or cutting; instead it is ultimately a photobiological phenomenon dependent on light absorption to the photoacceptor molecule.
This debate about the importance of coherence or other laser-specific properties for photobiomodulation has been ongoing for more than 30 years already, as can be seen from Table 2 which presents some relevant quotes from the literature of the field.
In their book on low-level laser therapy, Tunér and Hode presented an argument about the superiority of laser compared to LEDs, supported by approximately 15 study references published in the years 1973-2000, which they also described concisely. These same studies have been also been referenced in other recent articles with similar claims about photobiomodulation light sources. [39] [40] [41] We summarize some of these papers in the Table 3 . Despite our efforts, we could not find the full texts of the papers by Bihari (1989), Kubota (1989), Nicola (1989), Onac (1998) and Paolini (2000) mentioned in these papers. We also excluded Lederer (1982) and Nicola (1994) due low quality of data reporting.
While most of these studies have not been indexed in PubMed and they represent fairly old and low-quality photobiomodulation literature, they indeed lend some support to the idea that laser light could be more effective than narrowband non-coherent light with comparable main parameters (wavelength, power output, energy density). However, some papers with more neutral results regarding the coherence appear to have been left out from this list. [42] [43] [44] Our current review is based on our self-made PBM research database including approximately 3500 research articles. The spreadsheet has been assembled within the past two years by repeatedly scanning the research literature with a large variety LED increased wound fibroblast number in anemic animals. Laser increased it in non-anemic animals of keywords such as "photobiomodulation", "LLLT", "low-level laser irradiation", "cold laser", "He-Ne laser", "soft laser", "transcranial laser", "670 nm light", "low-level light", "near-infrared", "light-emitting diode", "LED phototherapy", "narrow-band light", "photobioactivation", "photobiostimulation", "photo-enchancement", "photoradiation", "photostimulation" and "far-red light" among others.
From this above-mentioned spreadsheet, we were able to extract another spreadsheet of approximately 350 scientific articles examining specifically LED photobiomodulation in humans, animals or cell cultures. Most of these studies showed positive results, confirming that LED-based photobiomodulation can also bring observable therapeutic effects (ESI file 1 †).
In this sample, we also found approximately 40 newer papers comparing the effectiveness of laser photobiomodulation to LED photobiomodulation in either animals, cell cultures or humans. The results of these studies are shortly presented in Tables 4, 5 and 6, respectively. The tables are not comprehensive, since we excluded a few papers due to difficulties in interpreting either the methods or the results. [45] [46] [47] [48] As can be noted from these tables, most of the comparisons have a very high risk of bias due to differing key parameters between the LED and laser groups. In almost every study the wavelengths, power outputs and spot sizes are different between the groups, which makes is it impossible to make reliable comparisons between lasers and LEDs in photobiomodulation. Despite these notable shortcomings, most of these comparisons provisionally suggest that lasers could indeed be replaced by LEDs without significant worsening of the results.
Can broadband light also be used for photobiomodulation?
If the experimental evidence suggests that non-coherent and non-monochromatic light from LEDs can be used for photobiomodulation, then it is reasonable to assume that even the natural broadband light (blackbody radiation) originating from a heated object (such as a tungsten filament or the sun) could have similar biological effects. So far, there exists limited yet tentatively positive evidence related to beneficial effects of broadband light in PBM.
The earliest writings on PBM were published in the very early 20th century, when several authors described that visible Laser and non-coherent both were effective in enchancing collagen synthesis, when compared to contralateral non-irradiated wounds. However, when compared to one of the control animal groups, there appears to be no difference. It can also be interpreted that both groups showed improved wound closure, though the data regarding the noncoherent red light is not shown in the study report LED and laser both showed significant effects on fibroblast proliferation in most of the individual experiments in this study LED and laser both were effective in decreasing hyperemia and incision bleeding or dehiscencce light, red and infrared wavelengths produced by incandescent lamps appeared to have beneficial effects in the treatment of many different diseases such as syphilis, smallpox, tuberculosis, chronic fatigue, diabetes and obesity (Fig. 4) . 49, 50 While the photobiomodulation research has mainly focused on monochromatic laser and quasimonochromatic LED lights, some research groups have also been using broadband ( polychromatic) light sources in photobiomodulation research. Some commonly used wavelength ranges have been visible light (400-800 nm) or water-filtered infrared A (760-1400 nm). In a some cases the broadband light has been polarized. 51 Some of these studies are summarized in Table 7 .
Visible light irradiation has been investigated in numerous in vitro and in vivo trials as well as in small clinical trials. While the data is generally of low methodological quality, the results have been mostly positive and the treatment effectiveness appears to be comparable to laser or LED photobiomodulation. 52, 53 Water-filtered infrared A has been investigated for the treatment of wound healing in humans 54 with positive results.
However, some of the beneficial effects might be related to the thermal effects of infrared wavelengths, independently of athermic photobiomodulation mechanisms. It should be pointed out that in the case of longer wavelength IR light (>980 nm) where the primary photoacceptor is thought to be water, then the difference between thermal and non-thermal mechanisms tends to disappear. Santana-Blank has written extensively on this subject 55 and suggested that "exclusion zone (EZ) water may act as an electrolytic bio-battery, which can efficiently and selectively transfer light energy to sites expressing redox injury potentials, as found in cancer and other complex diseases". Some researchers have also been arguing that some of the cellular effects of water-filtered infrared A might be harmful instead of being beneficial. Therefore it has been suggested that in addition to protecting skin from ultraviolet radiation, it would be helpful to also protect it from near-infrared radiation. However, those detrimental effects have been mostly noted in cell cultures receiving remarkably high irradiation doses of infrared A
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Because of the apparent success of these broadband light sources, it could be hypothesized that natural daylight or sunlight could also have health effects related to photobiomodulation. In cohort studies, sunlight exposure and low latitude have been associated with better health, e.g. decreased mortality, lower cholesterol levels and lower incidence of cancer, fractures and type 2 diabetes. [57] [58] [59] [60] [61] [62] While these findings have usually been attributed to increased vitamin D synthesis due to sunlight exposure, recent randomized clinical trials of vitamin D supplementation have been unable to substantiate those assumptions. 63 We suggest an alternative hypothesis, where vitamin D could act as a surrogate marker for photobiomodulation from sunlight exposure.
Conclusions
The current total evidence appears to support the idea that photobiomodulation is not dependent on lasers or coherence, but quasimonochromatic LED devices and even broad-wavelength light sources such as water-filtered infrared-A can also yield physiological effects. The comparisons between lasers and LEDs lend support to this idea. However, the quality of these comparisons is low for the most part, because of the difficulty of arranging the parameters so that the beam from a LED is identical to the beam from a laser, with regard to spotsize, band-width and power density. Nevertheless, even today the debate about the equivalence of laser and LED remains the single most controversial topic in the PBM field. Nevertheless, more high-quality head-to-head comparison studies should be conducted in order to figure out whether there are significant differences between the dose response or physiological effects of LED photobiomodulation and laser photobiomodulation, and whether LED-based treatments could be carried out based on the treatment parameters adopted from laser-based studies. 
